Coastal systems can act as filters for anthropogenic nutrient input into marine environments. Here, we assess the processes controlling the removal of phosphorus (P) and nitrogen (N) for four sites in the eutrophic Stockholm Archipelago. Bottom water concentrations of oxygen and P are inversely correlated. This is attributed to the seasonal release of P from iron (Fe)-oxide-bound P in surface sediments and from degrading 20 organic matter. The abundant presence of sulfide in the pore water, linked to prior deposition of organic-rich sediments in a low oxygen setting ("legacy of hypoxia"), hinders the formation of a larger Fe-oxide-bound P pool in winter. Burial rates of P are high at all sites (0.03-0.3 mol m -2 y -1 ), a combined result of high sedimentation rates (0.5 to 3.5 cm yr -1 ) and high sedimentary P at depth (~30 to 50 μmol g -1 ). Organic P accounts for 30-50% of reactive P burial. Apart from one site in the inner archipelago, where a vivianite-type 25 Fe(II)-P mineral is likely present at depth, there is little evidence for sink-switching of organic or Fe-oxide bound P to authigenic P minerals. Denitrification is the major benthic nitrate-reducing process at all sites (0.09 to 1.7 mmol m -2 d -1 ), efficiently removing N as N 2 . Denitrification rates decrease seaward following the decline in bottom water nitrate and sediment organic carbon. Our results explain how sediments in this eutrophic coastal system can efficiently remove land-derived P and N, regardless of whether the bottom waters are oxic or 30 frequently hypoxic. Hence, management strategies involving artificial reoxygenation are not expected to be successful in removing P and N, emphasizing a need for a focus on nutrient load reductions.
saline water. In the summer, water column stratification is more pronounced and widespread due to the development of a thermocline. However, in the more open parts of the archipelago, wind-driven mixing may interrupt stratification (Gidhagen, 1987) .
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The average annual nutrient input into the Stockholm Archipelago was 217 t P and 8288 t N for the period 1990-2012, of which approximately 174 t P and 5846 t N entered the inner archipelago via the Norrström river (Almroth-Rosell et al., 2016) . This high nutrient load mostly originates from wastewater treatment facilities of Stockholm (Johansson and Wallström, 2001) and, in combination with (seasonal) stratification of the water column, led to widespread eutrophication in the past. As a result, large parts of the Stockholm Archipelago are 125 or have been (seasonally) hypoxic to euxinic over the past century (Jonsson et al., 1990; Conley et al., 2011) .
Studies have shown decreases in dissolved inorganic P and total P due to reductions in nutrient inputs from sewage treatment plants (Walve et al., 2018) and indications of environmental recovery have been deduced from visual observations of sediment cores (Karlsson et al., 2010) .
Study sites
cm), 2 cm (10 to 20 cm), 4 cm (20 to 40 cm) and 5 cm until the bottom of the core. The sediment was centrifuged (in 50 mL tubes) at 3500 rpm for 20 minutes to extract pore water. The sediment remaining after centrifugation was stored in N 2 -flushed gas-tight aluminum bags at -20 °C until further analysis. Bottom and pore water samples were filtered over a 0.45 µm filter in a N 2 -filled glove bag. Subsamples were taken for (1) H 2 S analysis (0.5 mL was added to 2 mL 2 % zinc (Zn)-acetate); (2) analysis of dissolved Fe and P (1 mL was 160 acidified with 10 μL 30 % suprapur HCl); (3) analysis of sulfate (SO 4 2-) (0.5 mL), and stored at 4°C.
Subsamples for N-oxides (NO x = NO 3 -+ nitrite (NO 2 -); 1 mL) and NH 4 + (1 mL) were stored at -20 °C.
At Strömmen, one core was sliced at the same resolution as described above to determine porosity and 210 Pb.
Data for porosity and 210 Pb for the other three study sites were retrieved from van Helmond et al. (in review).
Bottom and pore water analysis 165
Concentrations of CH 4 were determined with a Thermo Finnigan Trace gas chromatograph equipped with a flame ionization detector as described by Lenstra et al. (2018) . The average analytical uncertainty based on duplicates and triplicates was <5 %. Pore water H 2 S was determined spectrophotometrically using phenylenediamine and ferric chloride (Cline, 1969) . Dissolved Fe and P (assumed to be present as Fe 2+ and HPO 4 2-) were measured by Inductively Coupled Plasma-Optimal Emission Spectroscopy (ICP-OES; SPECTRO 170 ARCOS). Nitrogen-oxides (Schnetger and Lehners, 2014) and NO 2 - (Grasshoff et al. 1999) were determined colorimetrically. Concentrations of NO 3 were calculated from the difference between NO x and NO 2 concentrations. Ammonium was determined colorimetrically using indophenol-blue (Solorzano, 1969) .
Concentrations of SO 4 2were determined by ion chromatography. The average analytical uncertainty based on duplicates was <1 %.
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Solid phase analysis
All sediment samples were freeze-dried, powdered and homogenized using an agate mortar and pestle in an argon-filled glovebox. Prior to analysis, samples were split into oxic and anoxic fractions (i.e. samples stored open to air and in a N 2 or argon atmosphere).
Total elemental composition 180
Approximately 125 mg of the oxic sediment split was digested in a mixture of strong acids as described by van . The residues were dissolved in 1 M HNO 3 and analysed for their elemental composition by ICP-OES. Average analytical uncertainty based on duplicates and triplicates was <5 % for calcium (Ca) and
<3 % for P. The calcium carbonate content (CaCO 3 wt%) was calculated based on the Ca content measured by ICP-OES, assuming that all Ca was in the form of CaCO 3 . 185
Organic carbon and nitrogen
Between 200 and 300 mg of the oxic sediment split was decalcified using 1 M HCl as described by van 
Sequential extraction of iron
Between 50 and 100 mg of the anoxic sediment split was subjected to a sequential extraction procedure based 195 on a combination of the procedures by Poulton and Canfield (2005) 
Sequential extraction of sulfur
Approximately 300 mg of the anoxic sediment split was subjected to a sequential extraction procedure (Burton   210   et al., 2008) to determine sedimentary sulfur phases. Briefly, under O 2 -free conditions: (1) 10 mL 6 M HCl and 2 mL 0.1 M ascorbic acid were added to dissolve acid-volatile sulfur (AVS, assumed to represent Femonosulfides -FeS) and the released H 2 S was trapped in a tube filled with 7 mL alkaline zinc acetate solution (24 h); (2) 10 mL acidic chromium(II)chloride was added to dissolve chromium-reducible sulfur (CRS, assumed to represent FeS 2 ) and the released H 2 S was trapped in a tube filled with 7 mL alkaline zinc acetate solution (48 215 h). For both fractions, the amount of sulfur in the zinc sulfide precipitates was determined by iodometric titration (APHA, 2005) . Average analytical uncertainty, based on duplicates, was <7 % for both AVS and CRS.
Sequential extraction of phosphorus
Approximately 100 mg of the anoxic sediment split was subjected to a sequential extraction procedure following the procedure of Ruttenberg (1992), modified by Slomp et al. (1996) , but including the exchangeable P step.
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Briefly, under O 2 -free conditions: (1) 10 mL 1 M MgCl 2 , pH 8 was added to extract (0.5 h) exchangeable P (Exch. P); (2) 10 mL 0.3 M Na 3 -citrate/1 M NaHCO 3 /25 g L -1 Na dithionite (CDB), pH 7.6 was added after which 10 mL 1 M MgCl 2 , pH 8 was added, together extracting (8 h and 0.5 h, respectively) P bound to Fe fraction, including Fe-oxide bound P and vivianite (Nembrini et al.,1983; Dijkstra et al., 2014 ) (Fe-bound P); (3) 10 ml 1 M Na-acetate buffered to pH 4 with acetic acid was added after which 10 mL 1 M MgCl 2 , pH 8 was to extract (24 h) P in organic matter (Org. P). The P content in the citrate-dithionite-bicarbonate extract was analysed by ICP-OES. All other solutions were measured colorimetrically (Strickland and Parsons, 1972) .
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Average analytical uncertainty, based on duplicates, was <7 % for all fractions. Total P derived from acid digestion and subsequent ICP-OES analyses was on average within 5 % of the summed P fractions derived from the sequential extraction.
Nitrogen dynamics
15 N incubations 235
Rates of benthic NO 3 --reducing pathways were determined using the whole-core isotope pairing technique (IPT) and parallel slurry incubations (Nielsen, 1992; Risgaard-Petersen et al., 2003) . Bottom water from Niskin bottles collected at each site was used to fill the incubation chamber (approx. 30 L) and maintained at in situ O 2 concentrations using compressed air and nitrogen gas mixtures. Small core liners (Ø 2.5 cm) were used to take sub-cores from the Gemini cores and were immediately transferred to the incubation tank so that all cores were 240 submerged and stoppers were removed. Sodium 15 N-nitrate solution (Na 15 NO 3 , 98 atom % 15 N, Sigma Aldrich, final concentration ~50 µmol L -1 ) was added to the water of the incubation tank and cores were pre-incubated in the dark at in situ temperature for 2 to 5 h. Three replicate cores were sacrificed by slurrying the entire sediment volume at approximately 0, 2, 5 and 8 h following pre-incubation. Sediment was allowed to settle for 2 minutes before samples for gas (12 mL exetainers, Labco, UK, killed with 250 µL zinc chloride solution, 50 % w/v) and 245 nutrients (10 mL, killed with 250 µL zinc chloride solution, frozen) were taken.
Sediment slurries were carried out in parallel to whole-core incubations. Briefly, a glass bead (0.5 cm Ø) was added to each 12 mL exetainer, which was then filled with filtered (0.2 µm) helium-purged bottom water.
Homogenised surface sediment (2 mL, 0-2 cm depth horizon) was added to each exetainer and vials were sealed. Exetainers were incubated on a shaker table in the dark at in situ temperature for 8 to 12 h ensuring 250 consumption of background NO 3 and O 2 before addition of 15 N-substrates. Exetainers were divided into two treatments, amended with sodium 15 N-nitrate or with sodium 14 N-nitrite and 15 N-ammonium chloride (each 100 µmol L -1 final concentration). Slurries were sacrificed at approximately 0, 5 and 10 h after substrate addition by injection of 250 µL zinc chloride solution through the septum of exetainers.
Analytical methods
255
Analysis of 15 N composition of N 2 (and any nitrous oxide: N 2 O) was determined by gas-chromatography isotope ratio mass spectrometry (GC-IRMS). A helium head space was introduced to filled exetainers and gas samples were manually injected as described in Dalsgaard et al. (2013) . Any 15 N-N 2 O was reduced in a reduction oven and measured as 15 N-N 2 . Determination of 15 N in NH 4 + was carried out by conversion of NH 4 + to N 2 with alkaline hypobromite iodine solution (Risgaard-Petersen et al., 1995; Füssel et al., 2012 
Data calculations
Anammox and DNRA were detectable in slurry incubations, although both processes only played a minor role in NO 3 reduction at most sites. However, they may have interfered to a minor degree with the IPT calculations.
Thus areal rates of benthic N cycling processes were calculated according to Song et al. (2016) at all sites. The
270
relative contribution of anammox to N 2 production (ra) in slurries was calculated as in Song et al. (2013) using the average mole fraction of 15 NH 4 + in the total NH 4 + pool (F A ) as this was demonstrated to increase linearly over time.
Fluxes of NO 3 and NH 4 + were calculated using gradients (~0-1 cm and ~0-5 cm, respectively) of sediment pore water depth profiles and Fick's first law of diffusion. Porosity values were taken from the average porosities of 275 the integrated depth horizons and diffusion coefficients from Schulz (2006) .
Sediment accumulation rates
Freeze-dried sediment samples for Strömmen were measured for 210 Pb by direct gamma counting using a high purity germanium detector (Ortec GEM-FX8530P4-RB) at Lund University. 210 Pb was measured by its emission at 46.5 keV. Self-absorption was measured directly and the detector efficiency was determined by counting a Sediment accumulation rates for the four study sites were estimated by fitting a reactive transport model (Soetaert and Herman, 2008) to the 210 Pb depth profiles accounting for depth dependent changes in porosity
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(Sup. Fig. 3 ).
Results
Pore water profiles
All four sites are characterized by a shallow sulfate methane transition zone (SMTZ), with near complete SO 4 2removal between 7 and 15 cm ( Fig. 4 ). Concentrations of CH 4 increase with depth at all stations and are highest 290 at Erstaviken (up to 8 mmol L -1 ) and lowest at Ingaröfjärden (>2 mmol L -1 ). At Strömmen, Baggensfjärden and Erstaviken, H 2 S concentrations increase rapidly with depth below 2 cm, while at Ingaröfjärden this is observed below 10 cm. After a distinct maximum (of up to 1.3 mM in Ingaröfjärden), H 2 S concentrations decrease again with depth, and even reach values close to zero at Strömmen and Erstaviken (at approximately 20 and 40 cm, respectively Table 3 ). Surface sediments are enriched in C org by 1-2 wt. % when compared to sediments at depth.
Concentrations of C org are highest at Strömmen and decrease from the inner archipelago towards the outer archipelago (Table 3 ; Sup. Fig. 4 ). Sediment C/N ratios are somewhat lower in the top centimeters and become Below this enriched surface layer, P concentrations are mostly rather constant at all sites (ranging from 30 to 40 µmol g -1 ). Similar to the high concentrations in the surface layer at Strömmen, sedimentary P concentrations are 315 also high at depth (40 to 50 µmol g -1 ), and two additional enrichments in P are observed at depth.
As a result of the relatively large enrichment in P in the surface sediments, C org /P tot is low in the surface sediment. At depth C org /P tot values are around the Redfield-ratio ( At all sites, Fe-bound P dominates the P in the surface sediments ( Fig. 6 ). At Strömmen, Fe-bound P remains an 325 important fraction of solid phase P, also at depth, while for the other sites Fe-bound P only represents ~10-20 % of total P. Exchangeable P shows trends similar to those observed for Fe-bound P, but concentrations are low.
Detrital P, Authigenic P and P in organic matter all show relatively constant concentrations with depth. Only the P in organic matter is slightly enriched in the surface sediments. Below the Fe-bound P-dominated surface sediments, P in organic matter is the largest fraction, representing between ~30 and 40 % of the total P and 330 between ~30 and 50 % of reactive P (i.e., the sum of Fe-bound P, exchangeable P, P in organic matter and authigenic Ca-P). Authigenic Ca-P represents ~25 to 30 % and detritral P ~20 to 25 % of total P.
Benthic nitrogen cycling
Bottom water NO 3 concentrations decrease from Strömmen (17.8 µmol L -1 ) toward Ingaröfjärden (5.6 µmol L -1 , Table 4 ). The flux of NH 4 + out of the sediment also decreases seawards. The sediment acts as a weak source of 335 NO 3 to the overlying water at Strömmen while it is a NO 3 sink at the other three sites (Table 4 ).
Denitrification is the major NO 3 --reducing process at all sites ( Fig. 7 ; Table 4 ). Denitrification rates (Fig. 7 ) are highest at Strömmen (~1700 µmol m -2 d -1 ) and decrease towards the outer archipelago with the lowest rates at Ingaröfjärden (~100 µmol m -2 d -1 ). Nitrous oxide is not an important end-product of denitrification in whole core incubations. Nitrification is the main source of NO 3 to at all sites, accounting for 60-89% of all NO 3 -towards the outer archipelago. DNRA was measurable but is not a significant NO 3 --reducing pathway at any of the sites investigated, accounting for less than 1.5 % of total NO 3 reduced. Anammox plays only a minor role in overall N removal (< 1% N 2 produced) at the three inner archipelago sites but accounts for 33% of N 2 production at Ingaröfjärden (44.1 µmol m -2 d -1 ) where overall N 2 production is lowest and heterotrophic 345 denitrification was most limited in organic C substrate. Rates of N removal by denitrification are positively correlated with bottom water NO 3 concentrations and with organic carbon content ( Fig. 8 ).
Discussion
Phosphorus dynamics in a eutrophic coastal system
Phosphorus recycling 350
At the end of autumn and during the winter dissolved O 2 concentrations in the Stockholm Archipelago peak, largely due to mixing of the water column and subsequent ventilation ( Fig. 3c,d ; Sup. Fig. 1 ). After winter, O 2 concentrations decrease during spring and summer, reaching minimum values at the end of summer and in autumn, following enhanced O 2 consumption by degrading organic matter after the spring bloom. The loss of O 2 from the bottom water is further enhanced by reduced ventilation of deeper waters following intensified water 355 column stratification as a result of formation or strengthening of the thermocline (Gidhagen, 1987) , which at many locations in the Stockholm Archipelago leads to hypoxia (Karlsson et al., 2010; Conley et al., 2011) . In addition to nutrient availability, spring bloom intensity and water depth, hydrological restriction may contribute to low O 2 conditions. This is also reflected at our study sites, with Baggensfjärden being the most restricted and severely O 2 depleted basin and Ingaröfjärden being the least restricted and subsequently, the most consistently 360 well-oxygenated basin throughout the year (Table 1 ; Figs. 1, 2 and S1).
High dissolved O 2 concentrations allow the formation and presence of Fe-oxides ( Fig. 5 ) in the surface sediments that bind P (e.g. Slomp et al., 1996; Fig. 6 ). Low dissolved O 2 concentrations, however, lead to the dissolution of Fe-oxides in the surface sediments. The P associated with these Fe-oxides can then be released into the water column again. This mechanism leads to P recycling in basins with strong (seasonal) contrasts in 365 bottom water redox conditions, such as Baggensfjärden, where the sediments are a sink for P in the winter and a source for P in the spring and the summer (Fig. 3c) , as also described previously for other basins in the Stockholm Archipelago (Walve et al., 2018) . Nevertheless, in year-round well-oxygenated basins, such as Ingaröfjärden, this seasonal P recycling is (nearly) absent (Fig. 3a) . In such basins, deeper O 2 penetration (Sup. Fig. 2 ) leads to a thicker Fe-oxide bearing layer (Fig. 5) and a larger and stable Fe-bound P pool (Fig. 6 ), hence 370 a larger enrichment of P in the surface sediments ( Fig. 9 ). Besides Fe-oxides, a major part of the surface sediment P pool consists of P in organic matter, which is partially lost with depth ( Fig. 6) , because the most labile organic matter is degraded in the upper sediment layers. For our study sites in the Stockholm Archipelago we calculated that the surface sediment P pool, varies between 0.036 mol P m -2 at Baggensfjärden and 0.172 mol P m -2 at Ingaröfjärden (between ~1 and 5 g P m -2 , respectively; Fig. 9 ; Table 5 ). This is comparable to values The relatively low C org /P tot values in the top ~2 cm, which are around the Redfield-ratio (Fig. 5) , show that the Table 5 ). Coastal sediments with a shallow SMTZ, relatively high inputs of Fe-oxides and organic matter and high sediment accumulation rates are prime locations for formation of vivianite-type minerals (Slomp et al., 2013; Egger et al., 2015; Rothe et al., 2016; Lenstra et al., 2018) . The presence of dissolved Fe 2+ and decreasing dissolved HPO 4 2concentrations at depth at Strömmen (Fig. 4 ) in 405 combination with elevated Fe-bound P in the lower part of the record (Fig. 6 ), hence may result from the formation of a vivianite-type mineral.
N cycling in the Stockholm Archipelago
Benthic N dynamics
Denitrification is by far the dominant pathway of NO 3 reduction at our study sites, accounting for ~80 to 99 % 410 of total dissimilatory NO 3 reduction (as DNRA + anammox + (2 x denitrification)). The reduction of denitrification rates follows the gradient of decreasing bottom water NO 3 concentrations and the increasing role of sediments as a NO 3 sink along the estuarine gradient. The lower efflux of NH 4 + from the sediment from the inner to outer archipelago follows the general decrease in sedimentation rates and reduction in organic matter quality as shown by a concomitant reduction in surface sediment N and organic C contents (Table 3) . Bottom
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water monitoring at Bäggensfjärden shows that NO 3 accumulates annually in bottom waters during the autumn and winter months before being consumed during spring and summer by phytoplankton blooms (Fig. 3d ). In connection with hypoxic events following enhanced organic matter deposition, bottom water total N https://doi.org/10.5194/bg-2019-376 Preprint. Discussion started: 7 October 2019 c Author(s) 2019. CC BY 4.0 License.
concentrations increase during summer (Fig. 3d) , largely due to enhanced benthic remineralization and subsequent NH 4 + efflux from sediments.
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The dominant role of denitrification in removing N and the gradient from inner to outer archipelago agrees well with regional models based on long-term monitoring data, which show the highest N-removal capacity in the inner archipelago region (Almroth-Rosell et al., 2016; Edman et al., 2018 ). In the model of Almroth-Rosell et al.
(2016), the inner archipelago, where Strömmen is located, annually removes approximately 3-5 times more N (~8-12 t N km -2 yr -1 ) than the intermediate and outer archipelago stations (~1-3 t N km -2 yr -1 ). Denitrification 425 rates of both Baggensfjärden and Erstaviken are within this range (~2.5 and ~3 times lower than at Strömmen, respectively). However, despite Ingaröfjärden being located in a basin adjacent to Erstaviken (Fig. 1) and modelled as having an almost identical area-specific N retention capacity (Almroth-Rosell et al., 2016) , denitrification rates were almost 20 times lower than those at Strömmen and ~8 to 6 times lower than at Baggensfjärden and Erstaviken, respectively. As such, N removal rates between adjacent basins may be more 430 variable than assumed by models. The differences in rates are likely related to lower organic matter inputs and subsequent lower sediment respiration rates as indicated by deeper O 2 penetration at Ingaröfjärden (Table 2; Sup. Fig. 2) . Suspended particulate organic matter may also be removed more quickly from Ingaröfjärden due to its more direct connection to the open Baltic Sea (Fig. 1) permitting more rapid water exchange and transport of particulate organic matter out of the basin than at Baggensfjärden and Erstaviken (Engqvist and Andrejev, 435 2003).
Controls on benthic NO 3 reduction
Heterotrophic denitrification in sediments is limited by both the availability of NO 3 and C org . We observed clear positive correlations between rates of denitrification with bottom water NO 3 concentration and with sediment C org (Fig. 8) . The relationship between processes removing N from the ecosystem (i.e. denitrification, anammox) 440 and processes that are regenerating N (i.e. DNRA) with C and N availability as expressed by sediment C/N ratios has been repeatedly demonstrated in field, laboratory and model studies (An and Gardner, 2002; Algar and Vallino, 2014; Kraft et al., 2014; van den Berg et al., 2016; Kessler et al., 2018) . The relation between C org and NO 3 may be a useful predictor of the dominant NO 3 --reducing process (Burgin and Hamilton, 2007; Algar and Vallino, 2014; Asmala et al., 2017) , but cannot be used to explicitly estimate process rates. In the Baltic (Sup. Fig. 2) . Thus, a similar scenario would be assumed for the Stockholm Archipelago as for other estuaries, leading to higher rates of denitrification during summer. However, depending on the intensity of organic matter inputs, increased benthic respiration may lead to more reduced conditions in surface sediments as bottom water
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O 2 is depleted. The availability of NO 3 also declines under hypoxic/anoxic conditions from consumption in the water column and from the reduced efficiency of nitrification as a NO 3 source in surface sediments. The resulting high C/N conditions may cause process dominance to shift from N removal by denitrification (or anammox) to retention by DNRA (e.g. An and Gardner, 2002; Burgin and Hamilton, 2007; Giblin et al., 2013; Algar and Vallino, 2014; Kraft et al., 2014) . Indeed, regular monitoring data collected at Bäggensfjärden (Fig.   465 3d) illustrates the low O 2 conditions, low bottom water NO 3 availability and increased NH 4 + efflux during summer and autumn from enhanced organic matter deposition and benthic respiration. While we have not assessed NO 3 --reducing process over different seasons at these four stations, we have demonstrated the microbial metabolic potential for DNRA is present through the detection of DNRA activity in incubations at all four sites (Table 4 ). We suggest that it is highly likely that DNRA contributes to NH 4 + efflux at sites during 470 sporadic bottom water hypoxia. Thus, the capacity for N removal by denitrification may be reduced in warmer months, as shown in previous seasonal Baltic Sea studies (e.g. Jäntti and Hietanen, 2012; Bonaglia et al., 2014a) .
Implications
Continued decreases in nutrient inputs to the Baltic Sea (Gustafsson et al., 2012; Andersen et al., 2017) Increases in bottom water O 2 would likely impede the observed present-day P recycling pattern in the seasonally hypoxic sites (Fig. 3c) , allowing thicker Fe-oxide bearing layers and a larger Fe-bound P pool in the surface 480 sediments (e.g. Slomp et al., 1996) , hence a larger (semi-permanent) surface sedimentary P sink. This process will, however, be delayed due to the prior deposition of organic rich sediments which results in a high upward flux of H 2 S (i.e. legacy of hypoxia) hindering the formation of Fe-oxides. This also explains why artificial reoxygenation of bottom waters (e.g. Stigebrandt and Gustafsson, 2007) will not be a long-term effective measure towards improving the water quality of the (coastal) Baltic Sea. Further nutrient reduction for the , 2016) . This shows that improvement of the water quality in the Stockholm Archipelago is to a great extent coupled to nutrient management strategies for the entire Baltic Sea.
Reductions in phytoplankton growth, organic matter inputs and intensity of O 2 depletion in bottom waters
490 during the summer (Fig. 3c,d ; Sup. may be more likely to act as a net sink for N through denitrification on an annual basis. By reducing land to sea N inputs and ensuring that phytoplankton do not reach such high densities would thus be an important factor for maintaining efficient N removal in the Stockholm Archipelago through coupled nitrification-denitrification.
In aquatic systems affected by eutrophication, the persistence or regular occurrence of hypoxic or anoxic bottom 500 water kills or drives out benthic meio-and macro-faunal assemblages (Diaz and Rosenberg, 2008; Voss et al., 2011) . Continued recovery of the Stockholm Archipelago through nutrient management and reductions in bottom water O 2 depletion are likely to lead to colonisation by bioturbating macrofaunal populations. The activities of these organisms have been shown to potentially enhance P burial and denitrification by sediment reworking and oxygenation (e.g. Pelegri and Blackburn, 1995; Laverock et al., 2011; Norkko et al., 2012; 505 Bonaglia et al., 2014b) . In this study, bioturbating organisms were only observed in sediments of Ingaröfjärden (Table 2) . As the Stockholm Archipelago continues to recover (Karlsson et al., 2010) the return of faunal communities may further enhance P burial and denitrification as the areas experiencing (sporadically) hypoxic conditions are reduced. We still lack predictive capabilities of how fauna may influence N cycling processes (Griffiths et al., 2017; Robertson et al., 2019) . However, reductions in nutrient inputs and eventual 510 recolonization by fauna at inner archipelago sites will likely reduce stress on denitrification through several mechanisms. Initially through the reduction of N inputs requiring remediation, subsequently through the reduction of hypoxic events and potential recycling of N through DNRA, and finally by increasing the supply of O 2 and organic matter to sediments by fauna, facilitating efficient nitrification-denitrification. These coastal sediments are likely to remain an efficient filter between land and the marine environment as long as we 515 continue to actively reduce and control nutrient inputs.
Conclusion
Seasonally Relative contribution of anammox is indicated by the yellow dots. 
